Abstract.-Previous findings on structural rearrangements in the chloroplast genome of Cuscuta (dodder), the only parasitic genus in the morning-glory family, Convolvulaceae, were attributed to its parasitic life style, but without proper comparison to related nonparasitic members of the family. Before molecular evolutionary questions regarding genome evolution can be answered, the phylogenetic problems within the family need to be resolved. However, the phylogenetic position of parasitic angiosperms and their precise relationship to nonparasitic relatives are difficult to infer. Problems are encountered with both morphological and molecular evidence. Molecular data have been used in numerous studies to elucidate relationships of parasitic taxa, despite accelerated rates of sequence evolution. To address the question of the position of the genus Cuscuta within Convolvulaceae, we generated a new molecular data set consisting of mitochondrial (atpA) and nuclear (RPB2) genes, and analyzed these data together with an existing chloroplast data matrix (rbcL, atpB, trnL-F, and psbE-J), to which an additional chloroplast gene (rpl2) was added. This data set was analyzed with an array of phylogenetic methods, including Bayesian analysis, maximum likelihood, and maximum parsimony. Further exploration of data was done by using methods of phylogeny hypothesis testing. At least two nonparasitic lineages are shown to diverge within the Convolvulaceae before Cuscuta. However, the exact sister group of Cuscuta could not be ascertained, even though many alternatives were rejected with confidence. Caution is therefore warranted when interpreting the causes of molecular evolution in Cuscuta. Detailed comparisons with nonparasitic Convolvulaceae are necessary before firm conclusions can be reached regarding the effects of the parasitic mode of life on patterns of molecular evolution in Cuscuta. [Bayesian analysis; Convolvulaceae; cpDNA; Cuscuta; maximum likelihood; maximum parsimony; mitochondrial DNA; molecular systematics; parametric bootstrap;
Understanding the fascinating changes that have shaped the evolution of parasitic plants would be greatly facilitated, from both morphological and molecular standpoints, by detailed comparative studies with their closest nonparasitic relatives. However, the phylogenetic position of parasitic angiosperms and their precise relationship to autotrophic relatives are not easy to deduce (Nickrent et al., 1998) . In general, problems are encountered with both morphological and molecular evidence. Parasitism is associated with extreme reduction and/or modification of vegetative structures, and convergence with other parasitic taxa is common. Both phenomena are encountered in Cuscuta (dodder; Convolvulaceae; asterids). The morphology of this parasitic genus is characterized by loss of roots, significant reduction of chlorophyll synthesis, almost complete reduction of leaves and cotyledons, and the evolution of haustoria, organs that enable these plants to connect to the hosts. Both Cuscuta and Cassytha (Lauraceae; magnoliids) are pale, twining, stem parasites, and provide an excellent example of convergent evolution in parasitic plants (Kuijt, 1969) .
Molecular data have been used in numerous studies seeking to elucidate the relationships of parasitic taxa (e.g., Nickrent and Starr, 1994; dePamphilis, 1995, 1997; dePamphilis et al., 1997; Duff and Nickrent, 1997; Young et al., 1999) . Despite this effort, the phylogenetic affiliation of many parasitic groups, especially the so-called "nonasterid holoparasites" (Balanophoraceae, Cynomoriaceae, and Cyti-1 Present address: Department of Biology, Indiana University, 1001 E. Third Street, Bloomington, IN 47405, USA; E-mail: sstefano@ bio.indiana.edu naceae), are not known (Nickrent et al., 1998) . In many cases the chloroplast and nuclear genes typically used to deduce large-scale flowering plant relationships (e.g., Chase et al., 1993; Soltis et al., 1997) are lost, significantly altered, or evolving at greatly accelerated rates, making phylogenetic inferences extremely difficult. In recent progress, the holoparasitic family Hydnoraceae was placed as sister to Aristolochiaceae (Nickrent and Duff, 1996; Nickrent et al., 2002) and enigmatic Rafflesia, genus with the largest known flowers, was found to be a member of rosids, most closely related to the order Malpighiales (Barkman et al., 2004) . In contrast to nonasterid holoparasites, the general position of most hemiparasites (e.g., Cassytha, Krameriaceae, Santalales) as well as the "asterid holoparasites" (e.g., Lennoaceae, Orobanchaceae in part) in the global angiosperm phylogeny is not in dispute. However, even in these cases the precise relationships to nonparasitic taxa remain uncertain. For example, there is little doubt, based both on reproductive morphology and molecular data, that the hemiparsitic genus Cassytha is closely associated with Lauraceae, but its placement, either as a sister-group to Lauraceae or nested deeper within Lauraceae, remains uncertain (Rohwer, 2000; Renner and Chanderbali, 2000) . Likewise, the small holoparasitic family Lennoaceae was recognized early on, based on floral and pollen morphology, to be closely related to Boraginaceae. Preliminary results of molecular analyses indicated that this family is indeed related to the Boraginaceae subfamily Ehretioideae, but its closest relatives remain uncertain (Smith et al., 2000) . In certain instances, however, the closest nonparasitic relatives of parasitic plants were ascertained with high support using molecular data. For example,
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Lindenbergia, a nonparasitic genus, is clearly sister to the rest of Orobanchaceae s.l., which comprises both hemiand holoparasitic species of the traditional Scrophulariaceae and Orobanchaceae (Young et al., 1999; Olmstead et al., 2001) . Also, the parasitic species of Santalales are clearly nested within autotrophic members of the paraphyletic family Olacaceae (Nickrent and Duff, 1996; Nickrent et al., 1998) .
The main source of difficulties for precise inference of relationships of parasitic angiosperms is the widespread homoplasy in molecular data due to accelerated rates of sequence evolution (reviewed in Nickrent et al., 1998) , and associated analytical problems. Apparently, all three genomes in parasitic plants can be affected by this phenomenon (e.g., Colwell, 1994; Nickrent and Starr, 1994; Duff and Nickrent, 1997; Wolfe and dePamphilis, 1998) . The relaxation of selection on genes involved in photosynthesis is one hypothesis for the increased nucleotide substitution rates in the chloroplast genome of parasitic plants . However, it is not fully understood why the parasitic habit causes the acceleration observed in nuclear (Colwell, 1994; Nickrent and Starr, 1994; Neyland, 2000) , and, to a lesser extent, mitochondrial genomes (Duff and Nickrent, 1997; Barkman et al., 2004) , although small effective population size and molecular drive have been proposed as possible explanations (Nickrent and Starr, 1994; Nickrent et al., 1998) .
The genus Cuscuta, consisting of some 160 to 170 species, is nearly cosmopolitan in distribution, and occurs in a wide range of habitats (Yuncker, 1932; Mabberley, 1987) . Engelmann (1859) recognized three groups within Cuscuta, based primarily on the morphology of styles and stigma, which were assigned subgeneric ranks by Yuncker (1932) . Subgenera Cuscuta and Grammica are characterized by two distinct styles, and are distinguishable by their stigma morphology (elongated or short and capitate, respectively). Subgenus Monogyna has a single style, partially or completely united, with capitate, conical, or ovate stigmas.
Even though vegetative characters are altered in association with its eccentric mode of life, Cuscuta floral morphology is quite similar to that of the Convolvulaceae, the morning-glory family, and the clear association with this family was recognized early on. Many classifications recognize a separate tribe (Choisy, 1845; Bentham and Hooker, 1873; Baillon, 1891; Hallier, 1893; Peter, 1897; Austin, 1998) or subfamily (Peter, 1891; Melchior, 1964) within Convolvulaceae for Cuscuta. However, some botanists (e.g., Roberty, 1952 Roberty, , 1964 Austin, 1973 ) adopted Dumortier's (1829) view that Cuscuta should be recognized as a separate family. This opinion is reflected in some major synoptic works on flowering plants (e.g., Cronquist, 1988; Takhtajan, 1997 ) that place Cuscuta in its own family, Cuscutaceae.
Cuscuta has been the focus of many scientific studies for several reasons. Many species are recognized to be pests on an array of important agricultural crops such as alfalfa, clover, beans, soy, cranberry, and, most importantly, members of the grass family. Infested crops now can be treated efficiently both by herbicides (Dawson, 1987 (Dawson, , 1990 and by fungal bioagents (Bewick et al., 1987; Li, 1987) . A substantial body of literature deals with the life history, ecology, and pest control of different dodder species (reviewed by Dawson et al., 1994, and references therein) . Because this branch parasite is amenable to culture and direct experimental manipulation, it is also frequently used as a model system for developmental research, especially of haustorial initiation and formation (e.g., Dörr, 1987; Heide-Jørgensen, 1987; Lee and Lee, 1989; Subramaniam and Mahadevan, 1994) .
In addition, Cuscuta has been the subject of extensive molecular analyses. Both hemiparasitic (e.g., C. reflexa) and holoparasitic (e.g., C. europaea) species occur in the genus. This diversity of photosynthetic ability among species prompted several physiological studies of photosynthetic enzymes and molecular evolutionary studies of the chloroplast genome. The results indicate that the hemiparasitic C. reflexa retains an affected, yet functional, chloroplast genome. This species retains most of the plastid genes generally found in autotrophic land plants, including both those involved in photosynthesis and 'house-keeping' functions (Haberhausen et al., 1992) . However, putatively chlororespiratory (ndh) genes seem to be either altered to the point of becoming pseudogenes (ndhB) or are lost from the plastid genome (Haberhausen and Zetsche, 1994) . The plastid genome of holoparasite C. europaea has sustained greater losses (Freyer et al., 1995) , and the crude extract of this species shows no ribulose-1,5-bisphosphate carboxylase-oxygenase (Rubisco) activity nor light-dependent CO 2 fixation, but cpDNA retains an rbcL open reading frame (Machado and Zetsche, 1990) . The findings of chloroplast genome structural rearrangements in Cuscuta were attributed to its parasitic life style, but without proper comparison to related nonparasitic members of the family. The phylogenetic problems within the family, especially the placement of Cuscuta, as well as the relative placement of hemi-and holoparasitic species within this genus, need to be resolved satisfactorily before many evolutionary questions can be answered.
Convolvulaceae have been the subject of only one broad molecular phylogenetic study (Stefanović et al., 2002) . That study was based on sequences from four chloroplast loci-rbcL, atpB, psbE-J operon, and the trnL-F region-obtained from 112 taxa, including 109 species from all 10 traditionally recognized tribes (Austin, 1973; modified 1998) as well as three outgroups. Those results found that two groups that have been proposed as segregate families (Dumortier, 1829) , Cuscuta and tribe Dichondreae, were nested within the Convolvulaceae. The exact position of Cuscuta could not be elucidated, however, mainly due to its highly divergent sequences. One alternative pertinent for circumscription of the family, the position of Cuscuta as sister to the rest of Convolvulaceae, was rejected. This result was further corroborated by the distribution of deletions in the atpB gene and trnL intron found in Cuscuta species as well as in all nonparasitic Convolvulaceae except Humbertia, which is sister to the rest of the family (Stefanović et al., 2002) . To address the question of the position of Cuscuta within Convolvulaceae, we generated a new molecular data set consisting of mitochondrial (atpA), nuclear (RPB2), and chloroplast (rpl2) genes, and analyzed these data together with the existing (Stefanović et al., 2002) chloroplast data matrix (rbcL, atpB, trnL-F, and psbE-J) . The majority of data in this study are derived from organellar sequences. The chloroplast/mitochondrialhaplotype tree has a substantially higher probability of accurately inferring short internodes (e.g., those resulting from recent and/or rapid radiations) than does a nuclear gene tree due to more rapid coalescence time and lower subsequent substitution rates (Moore, 1995) . The only nuclear data used in this study are derived from partial RPB2 gene sequences. The product of this gene forms a part of the catalytic core of the RNA polymerase II. This protein is highly conserved across the angiosperms at the amino-acid level, but the nucleotide sequences are quite variable, which enables its use at the lower phylogenetic level (Denton et al., 1998; Oxelman and Bremer, 2000) .
This molecular data set, derived from all three plant genomes, is analyzed by three methods of characterbased phylogenetic reconstruction: maximum likelihood (ML), maximum parsimony (MP), and Bayesian inference (BI). ML provides an objective way to incorporate important aspects of molecular evolution, such as unequal base frequencies, complex substitution models, and among-site rate variation. In addition, ML is a more consistent estimator of phylogenies (Felsenstein, 1981 (Felsenstein, , 1988 and is less sensitive to the effects of rate variation (Huelsenbeck and Hillis, 1993; Huelsenbeck, 1995) than MP. However, taking advantage of complex models of DNA evolution imposes severe computational constraints, especially when a larger number of taxa is sampled (Sanderson and Kim, 2000) . MP, on the other hand, is less impaired by large number of taxa (Hillis, 1996) , but more realistic models of DNA sequence evolution are difficult to implement within this framework.
Bayesian phylogenetic inference (Larget and Simon, 1999; Huelsenbeck and Ronquist, 2001 ) is, like ML, a probabilistic method that relies on explicit models of sequence evolution. However, because it does not attempt to find the global optimum likelihood and uses Markov Chain Monte Carlo (MCMC) to estimate the posterior distribution of parameters (Huelsenbeck and Bollback, 2001) , the BI method is, in comparison with ML, computationally much less intensive, and can be employed even with a relatively large number of taxa. An additional advantage of BI is that the interpretation of Bayesian posterior probabilities is considered to be straightforward, unlike the nonparametric bootstrap analyses, employed in both MP and ML contexts, where the relationship between bootstrap and statistical probability has been debated (e.g., Hillis and Bull, 1993) . BI has recently been used successfully in addressing some of the most difficult phylogenetic problems such as the origin of land plants (Karol et al., 2001 ) and the early mammalian radiation (Murphy et al., 2001) .
The main goal of this study is to narrow down the phylogenetic position of Cuscuta, the only parasitic genus associated with Convolvulaceae. In addition, we compare the performance of BI with ML and MP methods in the notoriously difficult task of assessing parasitic plant relationships. Finally, we explore an empirical implementation of the parametric bootstrap method for testing different alternative phylogenetic hypotheses using MP, which should be applicable to large data sets not only in Convolvulaceae, but also for sequence-based phylogenies in general.
MATERIALS AND METHODS
Taxon Sampling
The 35 species included in this study (Appendix 1) represent a subset of taxa used by Stefanović et al. (2002) in their broad analysis of Convolvulaceae. Members of all but 1 out of 10 tribes sensu Austin (1973 Austin ( , modified 1998 were sampled. To represent the diversity of the family, efforts were made to include two or more species, selected to span the root node of each well supported clade, for all except very small clades circumscribed in our previous study. In addition, many species of unresolved relationships were sampled, especially those found within the "bifid style" clade (Stefanović et al., 2002) . Some genera, found to be monophyletic and strongly supported, but exhibiting long branches and uncertain placement are represented by two species (e.g., Jacquemontia, Erycibe). Cuscuta is also represented by two species, C. japonica (subgenus Monogyna) and C. europaea (subgenus Cuscuta), chosen as place-holders for the genus, because they exemplify the morphological (united style versus bifid style) and physiological (hemiparasite versus holoparasite) diversity within the genus. These two species showed the least amount of sequence divergence compared to the photosynthetic members of the family, and their sequences were fully alignable throughout the trnL-F region, which was not the case with any member of the more highly divergent subgenus Grammica. Relying on previously published molecular systematic studies of the asterids (e.g., Chase et al., 1993; Soltis et al., 1997) and Convolvulaceae (Stefanović et al., 2002) , we selected two taxa (Nicotiana tabacum and Schizanthus pinnatus) spanning the root node of the Solanaceae, the sister family, as well as one additional species (Montinia caryophyllacea) belonging to the Solanales as outgroups.
The same species, and in many cases the same DNA isolate, was used to represent each taxon for each gene sequence whenever possible. However, certain gene regions that could not be obtained from a given species, due to the poor quality or lack of DNA, were sequenced from their respective closest relatives, as inferred from our previous analysis (Stefanović et al., 2002) . Those taxa are labeled on trees by genus name only.
Sequence Data and Alignment
In addition to the DNA samples used in our previous study (Stefanović et al., 2002) , total genomic DNA was isolated from herbarium specimens or silica-gel dried 387 tissue (0.05 to 0.2 g), or from fresh (1 to 2 g) tissue by the modified hexadecyltrimethylammonium bromide (CTAB) procedure (Rogers and Bendich, 1985; Doyle and Doyle, 1987) and purified using Qiagen columns following protocols provided by the manufacturer. Double-stranded DNA fragments for the regions of interest were obtained by polymerase chain reaction (PCR) from total genomic DNA using the primers described by for rbcL, by Hoot et al. (1995) for atpB, by Graham and Olmstead (2000) for the psbE-J operon and rpl2 gene, by Taberlet et al. (1991) for the trnL-F region, and by Davis et al. (1998) for the mitochondrial atpA gene. The nuclear RPB2 gene was shown to be duplicated in Gentianales (RPB2-i and RPB2-d; Oxelman and Bremer, 2000) , and current research indicates that the duplication is found in the euasterid I clade (sensu APG, 1998) and in Ericales (Oxelman et al., 2004) . Although multiple copies of similar, paralogous sequences can confound phylogenetic interpretations, the lack of introns in the RPB2-d copy in euasterid I plants makes a priori homology assessment easy. Plantspecific RPB2 primers P10F and P11aR (Denton et al., 1998) were used for initial amplifications of RPB2-d, targeting a region that corresponds to exons 18-24 in the Arabidopsis thaliana RPB2 gene. Based on these initial sequences, two more Convolvulaceae-specific primers were designed and used for PCR and sequencing (Convf: 5 -GCCATYGCMTGTYAYTCRGG-3 ; and Conv-r: 5 -CGCCCTTGTGAATCTTGTCATCCACC-3 ). Some PCR products, mainly those involving the low-copy nuclear RPB2 gene, were cloned (pCR2.1 vector; Invitrogen, Carlsbad, California, USA) and three to five clones were sequenced. Amplified PCR products were cleaned using Qiagen columns (Valencia, California, USA). Cleaned products were then directly sequenced, including both strands to ensure accuracy, using the BigDye Terminator cycle sequencing kit (PE Applied Biosystem, Foster City, California, USA) on an ABI 377 DNA automated sequencer (PE Applied Biosystem). Sequence data were edited and assembled using Sequencher 4.1 (Gene Codes Corporation, Ann Arbor, Michigan, USA). The alignments were obtained manually using the edit option of the MUST package (Philippe, 1993) or directly with PAUP * 4.0b10 (Swofford, 2002) .
Phylogenetic Analyses Bayesian inference.-We used MrBayes v2.01 (Huelsenbeck and Ronquist, 2001 ) to perform the Bayesian phylogenetic analyses. This software uses a Metropolis-coupled Markov chain Monte Carlo, or "(MC) 3 ," algorithm that runs several chains at the same time to permit a more thorough exploration of data space. Five separate runs were carried out, using the GTR+I+ model. The model parameters were treated as unknown variables with uniform prior probabilities and were estimated as part of the analyses together with tree topologies. We ran four chains simultaneously, three heated and one cold, enabling the random exchange of parameters between them, thereby minimizing the chance of being trapped in local optima. Each Markov chain was initiated from a random starting tree and run for 1 × 10 6 generations. For the first of the five runs, the sampling was done every 100th generation resulting in 10,000 samples. The remaining four runs were sampled every 50th generation for a total of 20,000 sample points per run. In order to determine whether and where stationarity was achieved, and to decide on the cut-off value ("burn-in," i.e., data points sampled before the chain reaches stationarity), the −log likelihood scores of each run were plotted against generation time. After discarding all samples preceding stationarity, the remaining data points were first analyzed separately for each run and than combined into a single file. Separate and combined files containing tree topologies were analyzed using PAUP * to compute the 50% majority rule consensus tree. The percentage of samples recovering any particular node represents the posterior probability of that node (Huelsenbeck and Ronquist, 2001) . These values are considered to be the true probabilities of the nodes given the assumptions of the model of DNA sequence evolution (Rannala and Yang, 1996) , and therefore the nodes receiving ≥0.95 could be considered statistically significantly supported.
Maximum likelihood.
-The most complex model of nucleotide substitution currently available, the GTR+I+ model (Yang, 1994) , was selected as the best-fit by ModelTest v3.04 (Posada and Crandall, 1998) , by both the LR test and Akaike Information Criterion (AIC; Akaike, 1973) . The gamma distribution was separated into four discrete rate classes. A heuristic analysis was done, using PAUP * (Swofford, 2002) , with 20 replicates with stepwise random taxon addition, TBR branch swapping, and model parameters set to the values estimated by ModelTest v3.04. Because ML tree searches are computationally intensive, this procedure was conducted on the combined data set only.
To facilitate the nonparametric bootstrap analysis (Felsenstein, 1985) under the ML criterion, the topological constraint option in PAUP * was used to constrain certain taxonomic groupings that had been identified as monophyletic and strongly supported in our previous study (Stefanović et al., 2002) . This approach effectively reduces the number of terminal taxa in the analysis while maintaining all of the sequence data, thereby enabling the optimal assessments of substitutions on the tree . Internal nodes on the tree, where branching patterns are critical to the questions addressed by this analysis, were left unconstrained. Fourteen nodes that were constrained in the bootstrap analysis are indicated by asterisks in Figure 3 . ML bootstrap analysis incorporated 100 pseudoreplicates, SPR branch swapping, starting trees obtained by neighbor-joining (with uncorrected " p" distances), and the same DNA sequence parameters estimated by ModelTest v3.04 as in the original ML search.
Maximum parsimony.-For the parametric bootstrap analyses the heuristic searches for most parsimonious (MP) trees were performed using PAUP * (Swofford, 2002) . Parsimony analyses of the data were conducted 388 SYSTEMATIC BIOLOGY VOL. 53 for each region separately and in combination using 1000 replicates (Maddison, 1991) with stepwise random taxon addition and TBR branch swapping and multrees on.
Testing of Alternative Hypotheses
Shimodaira-Hasegawa test.-To compare alternative phylogenetic hypotheses statistically, the one-tailed Shimodaira-Hasegawa nonparametric tests (SH tests; Shimodaira and Hasegawa, 1999; Goldman et al., 2000) were conducted, using the aforementioned substitution model and likelihood settings. These tests are recommended for evaluation when the number of candidate trees is not very large (Shimodaira, 2002) . The SH tests were conducted with PAUP * using 1000 bootstrap replicates and full parameter optimization of the model. In this fashion, a particular version of the SH test is implemented, referred to as the posNPfcd by Goldman et al. (2000) . Using this approach, we tested the placement of Cuscuta by evaluating the ML topology against a set of topologies differing in the phylogenetic placement of this parasitic genus. All together, we tested seven alternative hypotheses against the optimal ML topology (depicted on Fig. 5) .
Parametric bootstrap.-The likelihood ratio (LR) test is frequently used to distinguish between competing hypotheses. As long as the tested hypotheses are nested, i.e., special cases of one another, the LR approximates a χ 2 statistic (G statistics) with degrees of freedom (df) equal to the difference in the number of parameters in the two models. In a phylogenetic context, this test is implemented to evaluate different models of DNA substitution and/or molecular clock hypotheses. However, one important common goal in phylogenetics-evaluating and choosing between competing tree topologies-cannot be tested using the χ 2 approximation, because different topologies are not nested within each other, and consequently, the df = 0. The parametric bootstrap (PB) is shown to be a statistically sound method of evaluating different alternative topological hypotheses (Huelsenbeck et al., 1996; Swofford et al., 1996; Goldman et al., 2000) . This procedure uses a simulation to generate the null distribution from which statistical significance is deduced, thereby avoiding the need to rely on χ 2 statistics. However, despite the demonstrated power of the PB test (Goldman et al., 2000) , it has been used very rarely on larger data sets (e.g., Knowles, 2000; Fishbein et al., 2001; Zanis et al., 2002) , mainly due to the enormous computational cost this approach involves when implemented in the ML context (up to 200-fold the initial ML estimation time per one PB analysis). This time is further multiplied by the number of different hypotheses that one might wish to evaluate, because each alternative hypothesis requires not only the new test statistics but also the new null distribution for differences between the optimal tree and the model tree to be generated. The implementation of the PB for testing different a posteriori topologies is equally valid under the MP criterion (Goldman et al., 2000) . Under this criterion some well known biases in the data are difficult to accommodate (see above), but it offers the ability to perform statistically sound, and thorough, tests in significantly less time (Sanderson and Kim, 2000) . To compare support for the optimal tree against alternative branching hypotheses designed to investigate the placement of the parasitic genus Cuscuta, and to assess the significance of the observed differences between those trees given our data set, a series of PB tests was conducted (depicted on Fig. 5) .
The implemented parametric bootstrapping procedure is summarized by the flow chart in Fig. 1 . The original combined data matrix was used to obtain the optimal (MP) tree (H a ), as described above. An alternative topology constraint was constructed using MacClade (Maddison and Maddison, 1992) . The best tree given this constraint and the original data set (H 0 ) was assessed by implementing the topological constraints function in PAUP * . This analysis involved 100 replicates with stepwise random taxon addition and TBR branch swapping. The observed difference between H 0 and H a (δ observed ) represents the test statistic. In order to determine whether the δ observed is significant, i.e., whether it is larger than expected under the null hypotheses, the null distribution of differences must be generated via simulated data matrices. We simulated 99 data matrices of the same size as the original one using Seq-Gen v1.2.4.1 (Rambault and Grassly, 1997 ). The GTR+I+ model was used to simulate data sets, with parameters, including its branch lengths, estimated from the original data matrix and using the null hypothesis (constraint) topology.
For each of the 99 simulated matrices two searches were performed: first without any constraints, producing the h 0 score, and the second with the constraint compatible with the original optimal (unconstrained) tree, resulting in h a score. Those searches were done using the same strategy as on the original data set. The difference for each pair (i.e., h 01 -h a1 through h 099 -h a99 ) was calculated. To these δ's, the original δ observed is added (for a total of 100), and the histogram of the null distribution of δ's was generated to determine the rejection region. The hypothesis that the difference observed between the original optimal tree and the constraint topology was due to chance alone is tested by comparison with this null distribution directly. The significance level is calculated as the proportion of times that the δ observed exceeds the values obtained in simulations (Huelsenbeck and Crandall, 1997; Goldman et al., 2000) .
Because in parametric bootstrapping the simulated data sets are generated under the assumption that the particular null hypothesis (H 0 ) is correct, neither the model parameters nor the simulated matrices could be reused. Therefore, this procedure was repeated for each alternative position of Cuscuta.
RESULTS AND DISCUSSION
Sequences and Alignments
Characteristics of the sequenced regions as well as statistics of MP trees derived from each of the seven loci are summarized in Table 1 derived from chloroplast genes used in this study that were published previously (i.e., rbcL, atpB, psbE-J, and trnL-F) are discussed in more detail in the original study (Stefanović et al., 2002) . The alignments of three newly obtained genes, rpl2 (chloroplast), atpA (mitochondrion), and partial RPB2 (nucleus), were straightforward. All of these three protein coding regions exhibited some length variation, always within the open reading frame (ORF). Only one gap was needed to align sequences for all taxa for atpA and RPB2 (deletions in Cuscuta japonica and Erycibe glomerata, respectively). The rpl2 alignment required two gaps; one was an insertion in Cuscuta japonica and the other was an insertion in Montinia relative to all other sequences (but cannot be polarized). In addition, an intron usually found in the rpl2 gene of angiosperms is deleted in all Convolvulaceae, including Humbertia and Cuscuta, representing a unique event within asterids and a synapomorphy for Convolvulaceae (Stefanović et al., 2002) . Either because of incomplete sequences or gaps, the analyses involving sequence simulations may be biased owning to the presence of a large amount of missing information in the alignment. Thus, the portions of alignments where substantial sequence data are missing (e.g., 5 and 3 termini, and/or gaps) were excluded, resulting in a total analyzed length of 6842 bp (Table 1) . No significant heterogeneity in base composition was observed within any of the separate matrices across all taxa (Table 1) . Also, no significant difference in base composition was encountered among Cuscuta sequences alone. Due to the poor quality of the DNA extracted from herbarium specimens, sequences for the low copy nuclear RPB2 gene could not be obtained for two species, Humbertia madagascariensis and Wilsonia backhousei. Alignments in Nexus format are available on request from the first author, and have been archived also at the Systematic Biology (http://ag.arizona.edu/systbiol/ SSBWeb/) website.
Phylogenetic Analyses and Implications for the Placement of Cuscuta
The separate equally weighted MP analyses of seven DNA matrices, conducted to detect potential areas of strongly supported incongruence, gave remarkably similar results (results not shown). All analyses identified several well-supported monophyletic groups. Differences mainly involved the number of resolved nodes and their bootstrap support. Visual inspection of the resulting cladograms revealed no topological incongruences that were, at the same time, conflicting and well-supported by different data partitions. Because these independent analyses gave congruent results, albeit quite unresolved, we combined all seven matrices. The trees produced by combined analysis had better resolution and overall support relative to those produced by independent analyses. Therefore, we have based our discussion on the analyses of the combined data set.
All five Bayesian analyses, each initiated from a random starting tree, converged on similar log-likelihood scores and reached stationarity at no later than 200,000 generations (Fig. 2) . The initial 2000 samples from the first run, and 4000 from each of four more densely sampled runs, were discarded. In both cases the discarted samples accounted for 20% of the total sample points. The burn-in of data points accumulated before stationarity left a total of 72,000 combined samples. A majorityrule consensus of the 72,000 trees resulted in the phylogenetic hypothesis depicted in Figures 3 and 4 . When analyzed separately, all five independent runs found essentially identical tree topologies and posterior probabilities (results not shown), indicating that the sample number was sufficient to permit the algorithm to converge on a global solution.
The relationships inferred through the BI analysis (Figs. 3 and 4 ) are topologically congruent with results derived from a data set with larger taxon sampling (Stefanović et al., 2002) under the MP criterion. According to the BI results Humbertia forms the sister to the rest of the family. The next two lineages to diverge within the Convolvulaceae are two small clades, FIGURE 2. Burn-in plots of the combined data Bayesian analyses. The results of five independent runs are superimposed, illustrating that the log-likelihood scores converged on similar values. The vertical bar represents the cut-off point by which all five runs had reached stationarity. Data points sampled to the left of the bar were discarded. Those to the right were used to generate the 50% majority-rule consensus tree.
one comprising some members of Poraneae and the other the genus Erycibe. Monophyly of each of these two lineages is strongly supported, but their progressively more terminal placements on the optimal tree is not (P = 0.5). The rest of the family is split into two major clades ( Fig. 3 ; clade 1, clade 2). Clade 1 includes tribes Argyreieae, Ipomoeeae, Convolvuleae, and Merremieae and comprises the majority of species in the family. Within this clade the relationships are largely resolved and well supported except for the relationships of Merremieae and Convolvuleae. Clade 2 consists mostly of taxa that have a more or less deeply divided style ("bifid style" clade) and includes several strongly supported subclades, but the backbone relationships are largely unresolved. Overall, 24 out of 32 nodes (75%) were supported with a significance level ≥95%. However, the position of Cuscuta as a sister-group of clade 1 on the optimal tree is not significantly supported (P = 0.58). The remaining 42% of bipartitions place Cuscuta either as sister-group to clade 2 (26%) or as sister to the large clade combining both clades 1 and 2 (16%).
Under the ML criterion, with the GTR+I+ model of sequence evolution, one optimal tree was obtained. This tree differed from the optimal BI solution only in branching patterns for two weakly supported nodes ( Fig. 3 ; dotted lines). The position of Cuscuta is the same as in the BI tree, with similarly weak support (52% BS).
Taken overall, the combined data analysis, using two probabilistic methods, ML and BI, recovered highly congruent topologies (Figs. 3 and 4) . The points of disagreement included only those nodes that have not received substantial support. The basal position of Humbertia, subdivision of the rest of the family into two major clades, the relationships within clade 1 as well as most of the relationships within clade 2, are all points of complete agreement. The results from the present analyses are also quite similar, both in inferred patterns of evolution and support, as well as lack of support in certain regions, with the MP analysis based on a larger taxon sampling and chloroplast data only (Stefanović et al., 2002) . However, the overall support for the position of Cuscuta remains weak under all criteria, including BI, which has proved effective in resolving some other difficult phylogenetic issues such as the early mammalian radiation and land plant phylogeny (Murphy et al., 2001; Karol et al., 2001 ). The consensus places this parasitic genus in the general vicinity of clades 1 and 2, without further bearing on exact patterns among these three groups. The current evolutionary hypothesis for Convolvulaceae based on these different analyses is summarized in Figure 5 .
Evaluation of Alternative Placements for Cuscuta
Traditional classifications, for the most part, ignored the question of Cuscuta's precise relationships with its putative nonparasitic relatives, owing mainly to the lack of useful taxonomic characters. Even though the association with the Convolvulaceae was recognized, based on reproductive morphology, no attempts were made to propose a more detailed scheme of relationships between Cuscuta and nonparasitic members of the family. The approaches taken have usually fallen into two categories: (1) recognition of Cuscuta as a monotypic family, implying, in modern terms, a sister-group relationship to the rest of Convolvulaceae, or (2) placing Cuscuta within Convolvulaceae under various taxonomic ranks, but without bearing any further on its possible relationships. Examples of the former approach include classifications by Dumortier (1829) and Roberty (1952 Roberty ( , 1964 , which were subsequently followed by most major synoptic works on flowering plants (e.g., Cronquist, 1988; Takhtajan, 1997) . The latter approach includes 392 SYSTEMATIC BIOLOGY VOL. 53 FIGURE 3. Phylogeny of Convolvulaceae reconstructed using a Bayesian phylogenetic approach and combined data matrix. Dotted lines depict the only topological differences found in the ML analysis (−lnL = 31,604.51) with the same data set. Numbers above branches are the Bayesian posterior probabilities; numbers below branches represent percent support in nonparametric ML bootstrap analysis. Asterisks indicate nodes constrained in the ML bootstrapping. The tree is rooted using three taxa belonging to closely related families as outgroups (Nicotiana, Schizanthus, and Montinia).
recognition of Cuscuta as tribe Cuscuteae (Choisy, 1845; Bentham and Hooker, 1873; Baillon, 1891; Hallier, 1893; Peter, 1897; Austin, 1998) or as subfamily Cuscutoideae (Peter, 1891; Melchior, 1964 ). An exception to this is a study by Austin (1973) . Austin system also segregated Cuscuta as a separate family, but a close association with tribe Dichondreae is implicit from his phylogenetic scheme based mainly on chromosome numbers (his Fig. 33 ). This Cuscuta-Dichondreae connection was supported by some unique shared fruit features as well as similarities in embryo morphology.
As expected, Cuscuta exhibits strong rate acceleration in chloroplast and, to a somewhat lesser extent, in mitochondrial and nuclear DNA evolution (Nickrent et al., 1998 ; results shown only in aggregate, Fig. 4) . Even though optimal trees from all three methods of phylogenetic inference place Cuscuta nested well within the Convolvulaceae, its precise placement is not supported. Therefore, an in-depth analysis of the relationship of this genus with the remainder of the family is warranted. All together, seven hypotheses were tested concerning possible placements of Cuscuta using two different approaches: Shimodaira-Hasegawa test (Shimodaira and Hasegawa, 1999; Goldman et al., 2000) under the ML criterion and parametric bootstrapping (Swofford et al., 1996 ; Huelsenbeck and Crandall, 1997; Goldman et al., 2000) under the MP criterion. The different tested points of attachment for constrained topologies are marked in Figure 5 , and results are summarized in Table 2 .
One alternative topology was designed to test the relationship proposed implicitly by Austin (1973) . According to this hypothesis Cuscuta would be more closely related to Falkia, the place-holder for tribe Dichondreae in the present study (Fig. 5, no. 1 ). The SH test found significant difference in likelihood between this topology and the ML tree. Similarly, the PB test detected a significant difference. The observed length difference of 25 steps was far beyond the greatest difference (16 steps) observed in any simulated data sets (P < 0.01), rejecting the hypothesis of a closer Cuscuta-Dichondreae connection. It is possible, though unlikely, that Cuscuta could be closely related to some other members of the "bifid clade." The formal tests, however, were not conducted, because the backbone relationships in this clade were not resolved.
The other six tests conducted were designed to explore the limits of significance for alternative hypotheses and to help narrow down the possible placements for Cuscuta (Fig. 5, nos. 2 to 7) . Clade 1 contains approximately 2/3 of all species belonging to Convolvulaceae, and the backbone relationships within that clade are resolved and well supported. We wanted to determine the cost in loglikelihood and parsimony and its significance for two alternatives in which Cuscuta would be nested within clade 1 (Fig. 5, nos. 2 and 3) . Both SH and PB tests detected a significant difference ( Table 2 ), suggesting that the hypotheses of closer association of Cuscuta with either the clade containing Argyreieae, Ipomoeeae, Convolvuleae, and some Merremieae or the clade containing the rest of Merremieae can be rejected. Even though the 394 SYSTEMATIC BIOLOGY VOL. 53 FIGURE 5. The summary evolutionary hypothesis for Convolvulaceae derived from the present study of combined sequence data from all three plant genomes analyzed with a range of analytical methods, and a previously published molecular systematic study of the family (Stefanović et al., 2002) . Open bar depicts the inferred position of Cuscuta on the optimal trees. Bars numbered 1 to 7 depict alternative placements for the genus Cuscuta used in the Shimodaira-Hasegawa and parametric bootstrap tests. Shaded bars depict alternative branching points that were not rejected by these tests, whereas solid bars depict those that were found significantly different by the SH and PB tests (compare with Table 2 ). Classification by tribe based on Austin (1973 Austin ( , modified 1998 current consensus of evolutionary hypotheses for Convolvulaceae based on different analyses places Cuscuta effectively in a polytomy with clades 1 and 2 (Fig. 5) , we deemed it important to test this placement formally as Figure 5 . b Yes, hypothesis rejected as significantly different by the SH (using 1000 bootstrap replicates with full parameter optimization of the GTR+I+ model) and PB (implemented under maximum parsimony criterion) tests (P < 0.05); No, not rejected by the SH and PB tests.
well. Not surprisingly, neither the topology with Cuscuta as a sister group to clade 2, nor with Cuscuta as the sister group to clades 1 and 2 together ( (Table 2) . Finally, two alternative hypotheses, bearing the most importance for the circumscription of the family as a whole, were also tested. Both of these alternative positions, Cuscuta diverging within the family, as sister to all, except Humbertia ( Fig. 5 ; no. 6), and Cuscuta as a sister group to the rest of the family, i.e., consistent with its recognition as a distinct family ( Fig. 5 ; no. 7), were found to be significantly worse than the optimal trees according to the SH and PB tests.
The Shimodaira-Hasegawa test (Shimodaira and Hasegawa, 1999 ) is a statistically appropriate nonparametric method for comparing a posteriori tree topologies (Goldman et al., 2000) . The parametric bootstrap (Swofford et al., 1996; Huelsenbeck and Crandall, 1997; Goldman et al., 2000) , although shown to be more powerful than the SH test, given that the assumptions of sequence evolution are not significantly violated (Goldman et al., 2000; Buckley, 2002) , is used much less frequently (Knowles, 2000; Fishbein et al., 2001; Zanis et al., 2002) due, in part, to the much greater computational time involved. When implemented under the ML criterion, a number of shortcuts can be employed to lower the computational cost: (1) reduction in number of terminals, either by complete exclusion of taxa from analyses or by keeping all taxa, but constraining a number of nodes, which effectively reduces the number of terminals; (2) avoiding more time-consuming repeated random addition of taxa by using a neighbor-joining starting tree; and/or (3) implementing faster, but less thorough, branch swapping algorithms such as SPR or NNI. However, these shortcuts, especially when combined, present risk of missing the global optima. Using less than optimal trees, whatever the optimality criterion might be, to calculate the differences for simulated data matrices (δ's) will potentially result in a biased null distribution of δ's from which the P value is calculated. In addition, even when the shortcuts are employed, the computational time might still be prohibitive with ML, rendering the implementation of tests impractical (Buckley, 2002) , especially if more than one alternative needs to be tested.
The maximum parsimony framework for parametric bootstrapping is an equally suitable approach to generate the null distribution of δ's (Goldman et al., 2000) and this distribution can be used to determine the significance of the observed cost in parsimony for the alternative. Comparatively few statistical assessments of alternative hypotheses using MP have been published (e.g., Ruedi et al., 1998; Carlini et al., 2000; Zanis et al., 2002) . The advantages of the MP approach with parametric bootstrapping is twofold: (1) the computational time is greatly reduced enabling the testing of multiple hypotheses, and, more importantly, (2) the reasonably extensive measures can be taken to explore the tree space more thoroughly in search for global optima, thereby preventing potential biases in P value calculations and known tendency of PB test to generate type 1 errors (Buckley, 2002) . In order to minimize the bias and to err on the conservative side (by failing to reject H 0 ), at minimum the same effort should be invested in exploration of simulated data matrices as was invested in searches involving the original matrix. In that case, however, the utility of the PB test would be severely restricted because of computational burden imposed by repeated ML topological searches in conjunction with ever increasing size of molecular data sets (Buckley, 2002) . Hence, with moderate to large data sets (>30 terminals), multiple, yet thorough PB tests can be done under the MP criterion, but not under ML. One disadvantage of this approach is that some wellknown characteristics of DNA sequence evolution cannot be readily incorporated within an MP framework. Also, the MP criterion will not be suitable to test certain types of hypotheses, notably those involving branch lengths, where the MP approach was demonstrated as underestimating branch lengths (Saitou, 1989 ). It will be on a case-by-case basis that researchers will evaluate the costs and benefits of different approaches, and decide which optimality criterion might be more suitable for any particular study.
For all seven hypotheses tested in the present study, the results from SH and PB tests were in agreement not only regarding the conclusions drawn from them, i.e., rejecting or failing to reject the null hypothesis, but also in P values associated with the rejection region ( Table 2 ). The PB is putatively more powerful than the SH test for discrimination among different alternative hypotheses (Goldman et al., 2000) , and our results are consistent with this idea. However, the extent of the differences between probabilities estimated by our tests was much smaller than in other studies implementing SH and PB tests (e.g., Goldman et al., 2000; Fishbein et al., 2001) .
Phylogenetic Relationships of Nonparasitic Convolvulaceae
Besides helping to narrow down the phylogenetic position of Cuscuta, the present study also provides additional support for the relationships among nonparasitic taxa of Convolvulaceae. This is most evident with respect to the "bifid style" clade. This clade comprises genera that have a more or less deeply divided style, generally following the concept of Dicranostyleae proposed by Hallier (1893) . The "bifid style" clade was first explicitly identified by Stefanović et al. (2002) , but support for its monophyly was weak (39% with Cuscuta species included in analysis; 80% without Cuscuta). The present study, with additional sequence data, offers further evidence, not only for the monophyly of that clade (P = 1 from BI; 89% bootstrap support with ML), but also its composition. The inclusion of Jacquemontia in the "bifid style" clade was one of the most surprising results of molecular phylogenetic study of Convolvulaceae. This genus is traditionally regarded as a member of tribe Convolvuleae due to its undivided, filiform style with elongated stigmas. Even though the defining morphological character, divided style, is not present in Jacquemontia, this genus was found to share a unique synapomorphy with the rest of the "bifid style" clade, reversion to a nonedited start codon for the psbL gene (Stefanović et al., 2002 ). This condition is not found anywhere else in Convolvulaceae and its closest relatives. Given the unresolved relationships within the "bifid style" clade, one possible evolutionary scenario is that Jacquemontia is the sister group to the rest of the taxa with divided styles. This would account for a single origin for each of these two characters. The BI analysis lends some support to this scenario, resolving Jacquemontia as the sister-group to the rest of the "bifid style" clade (Fig. 3) . However, this relationship on the optimal tree is not well supported, and was not recovered using other methods of reconstruction. Also, the present study offers confirmation and further support for polyphyly of Erycibeae, Poraneae, and Merremieae, as well as close relationships of tribes Hildebrandtieae with Cresseae, Ipomoeeae with Argyreieae, and Dichondreae with some members of Poraneae (Fig. 5) .
CONCLUSIONS
In terms of both the quantity of DNA sequence data and range of analytical methods, this study represents an intensive effort to estimate the phylogenetic position of a relatively small clade of parasitic plants. The inability to recover the exact position of Cuscuta with confidence even with relatively large amounts of data exemplifies the magnitude of the problem in inferring phylogenetic relationships of parasitic taxa. However, this approach did help to narrow down the position of Cuscuta and to reject with confidence a number of alternative hypotheses. Bayesian analysis, used with success to resolve other difficult phylogenetic problems, offered no more insight for Cuscuta placement than did maximum likelihood and maximum parsimony. However, the majority-rule consensus tree derived from the Bayesian analysis was very similar to the best phylogeny inferred by maximum likelihood analysis, both in terms of inferred topology and support, while requiring significantly less computational time. Significant computational time saving was achieved also by implementing the parametric bootstrap under the maximum parsimony criterion to test a series of alternative topologies.
The taxonomic implications of this study will have positive impacts on comparative studies of Cuscuta, which presently use the currently available classification as a framework. It is important for future comparative studies, especially those on chloroplast genome evolution, to recognize that the differences observed in different Cuscuta species are not attributable solely to Cuscuta's parasitic mode of life and that a significant proportion of those changes could be better explained as a plesiomorphic condition within the family, i.e., conditions shared with other members of the Convolvulaceae.
